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characterization and swelling dynamics studied by spectroscopic ellipsometry†
Sebastian Rauch,ab Klaus-Jochen Eichhorn,a Ulrich Oertel,a Manfred Stamm,ab Dirk Kucklingc
and Petra Uhlmann*a
Received 6th July 2012, Accepted 2nd August 2012
DOI: 10.1039/c2sm26571kHere, we report on a new temperature responsive polymer brush system with a terminal ‘‘click’’
functionality. Bifunctionalized poly(N-isopropylacrylamide) (PNiPAAm) with distinct functional end
groups was synthesized by atom transfer radical polymerization (ATRP) and grafted to a modified
silicon substrate. The presence of the active terminal alkyne functionality is validated using an azide-
modified rhodamine B (N3-RhB) via copper(I) catalyzed alkyne–azide cycloaddition (CuAAC). The
optical properties and swelling dynamics of an N3-RhB modified PNiPAAm brush are analyzed in dry
state and in situ by VIS-spectroscopic ellipsometry (SE). The best-fit results are obtained using a
Gaussian oscillator model and are confirmed by UV/VIS-spectroscopy. We observed evidence of
interactions between the aromatic residues of the dye and the PNiPAAm amide groups, which
significantly affect the swelling behavior of the modified polymer brush.Introduction
Stimuli-responsive polymers are promising materials for the
development of smart surfaces that can change their properties in
response to environmental stimuli. Since the type and rate of the
response to external stimuli can be regulated by chain length,
composition, architecture, and topology, polymers offer a
variety of opportunities to design such stimuli-responsive
surfaces.1–3 The water-soluble poly(N-isopropylacrylamide)
(PNiPAAm) is one of the best studied environmentally respon-
sive polymers with a temperature-sensitive phase transition in
aqueous solution possessing a lower critical solution temperature
(LCST) of ca. 31 C.4-6 This transition is referred to as a coil-to-
globule transition and has been attributed to changes in the
hydrogen bonding properties of water.7–11 As the LCST is not far
from physiological temperatures and can be considerably
increased by copolymerization,12–14 this polymer is appealing for
biomedical purposes. In recent years, PNiPAAm thin films have
been investigated for various applications such as the control of
protein adsorption, cell adhesion,15–17 formation of chemical
gates,18–20 tunable adhesion of biomolecules,21,22 passive flow
control in microcapillaries,23 and in conjunction with immobi-
lized nanoparticles for sensor developments.24 Well-definedaLeibniz-Institut f€ur Polymerforschung Dresden e.V., 01069 Dresden,
Germany. E-mail: uhlmannp@ipfdd.de
bPhysical Chemistry of Polymer Materials, Technische Universit€at
Dresden, 01062 Dresden, Germany
cDepartment of Chemistry, University of Paderborn, 33098 Paderborn,
Germany
† Electronic supplementary information (ESI) available. See DOI:
10.1039/c2sm26571k
10260 | Soft Matter, 2012, 8, 10260–10270brush films are especially promising for the design of protein-
resistant, temperature-sensitive interfaces for use in sensor
applications.25,26
For the synthesis of well-defined polymers and macromolec-
ular architectures, atom transfer radical polymerization (ATRP)
is one of the most studied controlled radical polymerization
techniques.27–29 It allows the preparation of a wide range of
polymers with precise control over molecular weight, molecular
weight distribution, and chain functionality. Typically ATRP is
conducted in homogeneous media such as bulk or organic
solvents. For hydrophilic, ionic, and water-soluble monomers,
like N-isopropylacrylamide (NiPAAm), a continuous effort was
made to establish ATRP in aqueous media.30–33
Through the use of functional monomers or initiators and
postpolymerization modification reactions, it is possible to
synthesize a variety of functionalized polymers.34 One recently
introduced method for installing functionality onto materials is
so-called ‘‘click’’ chemistry, which is an appealing concept
proposed by Sharpless and co-workers.35 Copper-catalyzed
azide–alkyne cycloaddition (CuAAC) yielding disubstituted
[1,2,3]-triazoles is characterized by near-quantitative yields,
regiospecific conversions, and compatibility with a broad range
of functional groups and reaction conditions.35 Although click
chemistry was initially postulated as a general concept for
organic synthesis, this strategy also has an enormous potential in
materials science36–38 and has been used for the preparation of
crosslinked networks and for the functionalization of both
polymers in solution39–41 and polymeric coatings on surfaces.42–44
Click chemistry has furthermore played a major role in the
development of polymer-based bioconjugates,45,46 with potential
applications in the areas of biology and biomedicine.47This journal is ª The Royal Society of Chemistry 2012
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View Article OnlinePNiPAAm brushes with low polydispersity were prepared
successfully by ‘‘grafting-to’’ of preformed end functionalized
chains to a reactive surface,25 and by ‘‘grafting-from’’ using
surface-initiated ATRP.26,48,49 The swelling behavior of PNi-
PAAm brushes made by ‘‘grafting from’’ was studied with a
variety of methods including neutron reflectometry,48,50 contact
angle measurements,26 surface plasmon resonance,51 ellipsom-
etry,1 and atomic force microscopy (AFM).52 However, to our
knowledge, there exist only a few detailed studies on the
temperature sensitivity of PNIPAAm ‘‘grafting-to’’ brushes.53–55
In our recent work1 the physicochemical properties of PNiPAAm
brushes (‘‘grafting to’’) with different molecular weights (Mn)
and grafting densities (s) were investigated. These brushes are
prepared with well-defined preformed polymer chains that can be
designed and functionalized according to the needs of applica-
tions before grafting.
Thus we were motivated to combine the interesting stimuli-
responsive properties of PNiPAAm brushes with the enormous
modification potential of ‘‘click’’ chemistry to design smart
surfaces with broad application possibilities, like sensor systems
for controlled bioadhesion. First, we report on the synthesis and
characterization of bi-functionalized PNiPAAm via ATRP with
one chain end used for the ‘‘grafting to’’ approach while the other
free end remains active for postmodification reactions via ‘‘click’’
chemistry. Second, we analyze the ‘‘grafting to’’ behaviour and
test the activity of the free alkyne chains of the as-prepared
polymer brushes for postmodification reactions via CuAAC
reaction. For this purpose an azide-modified rhodamine dye was
synthesized and attached to the free chain ends. The physico-
chemical properties of the resulting rhodamine dye modified
PNiPAAm brushes were examined for the first time with VIS-
spectroscopic ellipsometry (SE) in the dry state and in situ and
confirmed by UV/VIS measurements.Experimental section
Materials
N-Isopropylacrylamide (97%), copper(I) chloride (CuCl,$99%),
tert-butyl a-bromoisobutyrate (tBBiB, $98%), copper(II) sulfate
pentahydrate (CuSO4$5H2O, 99.995%), L-ascorbic acid (L-Asc,
99%), tetrabutylammonium fluoride (TBAF, 1.0 M in THF),
N,N,N0,N0-tetramethylethylenediamine (TMEDA, $99.5%),
deuterated dimethylsulfoxide (DMSO-d6, 99.9 atom%), deuter-
ated chloroform (CDCl3, 99.69 atom%) and N,N
0-dime-
thylformamide (DMF, $99.8%) were purchased from Sigma-
Aldrich. Tris[2-(dimethylamino)ethyl]amine (Me6TREN, 99%)
was purchased from ABCR. Poly(glycidyl methacrylate)
(PGMA, 17 500 g mol1, Mw/Mn ¼ 1.7) was purchased from
Polymer Source, Inc. (Canada). Absolute ethanol (EtOH,
99.8%), diethyl ether (Et2O, $99.8%), hexane ($99.0%),
hydrogen peroxide (H2O2, 33%) and aluminium oxide 90 (Al2O3,
active neutral, 70–230 mesh) were acquired from Merck. Tetra-
hydrofuran (THF, 99.98%), chloroform (CHCl3, 99%+) and
ammonium hydroxide (NH4OH, 25%) were purchased from
Acros Organics. Purified water (H2O) was used from a Milli-Q
Direct 8 system from EMD Millipore Corporation.
The monomer was recrystallized three times from hexane prior
to use. CuCl was purified by stirring with acetic acid overnight.This journal is ª The Royal Society of Chemistry 2012After filtration, it was washed with ethanol and ether and then
dried in a vacuum oven. (Trimethylsilyl)propargyl acrylamide
(TMS-PAAm) and rhodamine B azide (N3-RhB) were synthe-
sized as described previously.56,57 All chemicals were used as
received if not otherwise specifically noted. As sample substrates
silicon wafers oriented in the [100] direction with about 1.6 nm
native silicon dioxide obtained from Si-Mat (Kaufering, Ger-
many) and fused silica plates were used.
Synthesis of bifunctional poly(N-isopropylacrylamide)
First a 0.1 M stock solution of a Cu(I)–M6TREN complex was
prepared by placing Cu(I)Cl (51 mg, 0.515 mmol) andMe6TREN
(123.6 mg, 0.531 mmol) in 5 mL DMF. The resulting dark green
solution was then degassed by means of three consecutive
‘‘freeze–pump–thaw cycles’’. In a 15 mL Schlenk flask equipped
with a silicone septum, NIPAAm (2.2 g, 19.4 mmol) and tBBiB
(7.5 mL, 0.039 mmol) were dissolved in 8.0 mL of H2O–DMF
(1 : 1, v/v). The solution was degassed by means of three
consecutive ‘‘freeze–pump–thaw cycles’’ and equilibrated in a
water bath at 20 C. The polymerization was initiated by adding
0.4 mL of the Cu(I)–Me6TREN stock solution to the mixture.
After 98 min 0.5 mL of a degassed solution of TMS-PAAm
(104 mg, 0.574 mmol) in DMF was rapidly injected. After 2.5 h
the polymerization was quenched by abrupt freezing with liquid
nitrogen followed by removal of the septum. The mixture was
thawed and the solvent was removed under reduced pressure.
For purification, the crude product was dissolved in THF and
passed through an Al2O3 column to remove the copper complex.
After removing the solvent under reduced pressure, the polymer
was dissolved in a small amount of THF and precipitated in Et2O
at 50 C. Finally the precipitate was dried in a vacuum at 50 C
to yield a colorless pAlk-PNiPAAm (1.62 g, 74%).
TMS-deprotection of pAlk-PNiPAAm
In a 50 mL round-bottom flask 500 mg pAlk-PNiPAAm was
dissolved in dry THF (21 mL), and the solution was cooled to
0 C. After addition of TBAF (1.0M, 0.1 mL) to the solution, the
mixture was stirred at 0 C for additional 2 h. The solution was
then concentrated under reduced pressure and the polymer was
precipitated three times in Et2O at 0
C. The precipitate was dried
in a vacuum at 50 C to yield colorless Alk-PNiPAAm (390 mg,
78%).
Preparation of polymer brushes
Silicon (Si, 20  13 mm) or fused silica (FS, 43  9 mm)
substrates were treated with EtOH in an ultrasonic bath for 15
min and dried with a stream of nitrogen. Afterwards they were
exposed to a cleaning solution of NH4OH–H2O2–H2O (1 : 1 : 6,
v/v/v) at 70 C for 20 min, rinsed twice with H2O and dried with a
stream of nitrogen. Next a thin layer of PGMA (2 nm) was
deposited by spincoating (spin 150, SPS coating) a PGMA
solution in CHCl3 (0.3 mg mL
1) with subsequent annealing at
100 C in a vacuum oven for 20 min to react the silanol groups of
the substrate with a fraction of the epoxy groups of PGMA, thus
forming an anchoring layer equipped with the remaining epoxy
groups for the following ‘‘grafting to’’ process.58 Afterwards, a
filtered polymer solution in THF (9 mg mL1) was spincoatedSoft Matter, 2012, 8, 10260–10270 | 10261
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View Article Onlineonto the PGMA layer and annealed at 150 C in a vacuum oven
for 15 h. To remove noncovalently bonded polymer, the resulting
films were first immersed in H2O, then extracted in H2O over-
night, rinsed with EtOH and dried in a stream of nitrogen.
Functionalization of (p)Alk-PNiPAAm brushes with N3-RhB
For the CuAAC reaction between (p)Alk-PNiPAAm brushes
and N3-RhB stock solutions of N3-RhB (9 mM, Sl-1),
CuSO4$5H2O–TMEDA (1 : 5, 7.5 mM, Sl-2) and L-Asc (0.12 M,
Sl-3) in 0.1 M phosphate buffer (pH 6.6) were prepared. The
modified silicon or fused silica substrates were placed in a sample
holder immersed in 28 mL phosphate buffer. 0.4 mL of Sl-1 was
added under stirring followed by 1 mL of Sl-2 and 1 mL of Sl-3.
After the reaction was complete the samples were rinsed with
water and stirred in 50 mM EDTA to remove trace amounts of
copper. The samples were again rinsed with H2O and several
times with EtOH to remove unreacted N3-RhB adsorbed on the
polymer brushes.
Polymer characterization
The determination of the molecular weight and molecular weight
distribution was performed on an Agilent Technologies HP
Agilent 1100 HPLC system equipped with an Agilent 1100 series
refractive-index (RI) detector. N,N-Dimethylacetamide (DMAc)
containing 2 vol% H2O and 3 g L
1 LiCl was used as an eluent in
combination with two Zorbax PSM Trimodal-S columns. The
calibration of this SEC analysis was performed with poly(methyl
methacrylate) standards. The flow rate used was 0.5 mL min1.
Further GPC measurements were carried out on a Polymer
Laboratories PL-GPC 50 Plus Integrated GPC System equipped
with a microvolume double piston pump purchased from Agilent
Technologies. DMAc containing 3 g L1 LiCl was used as an
eluent at a flow rate of 1.0 mL min1. A PolarGel-M column
from Polymer Laboratories connected to a Mini DAWN light
scattering (LS) detector from Wyatt Technology was applied.
1H-NMR spectra were recorded on a Bruker Avance III 500
NMR spectrometer operating at 500.13 MHz. The solvent
signals were used as internal standard: DMSO-d6: d(
1H) ¼ 2.50
ppm and CDCl3: d(
1H) ¼ 7.26 ppm, respectively.
Modulated DSC analysis was performed with a differential
scanning calorimeter Q1000 purchased from TA Instruments
(USA) in nitrogen atmosphere from 30 C to +250 C at a scan
rate of 2 K min1. A heating–cooling–heating cycle was carried
out to realise a uniform thermal history. The data were calcu-
lated from the reversing heat flow signal of the second heating
cycle. Tg values were determined using the half-step method.
Ellipsometric measurements
A spectroscopic ellipsometer (alpha-SE, Woollam Co., Inc.,
Lincoln NE, USA) equipped with a rotating compensator was
used to measure the ellipsometric data D (relative phase shift)
and tanJ (relative amplitude ratio) of the brush films in the dry
state as well as in situ in purified H2O within a batch cuvette (TSL
Spectrosil, Hellma, Muellheim, Germany).1,59 All measurements
were performed between 370 and 900 nm at an angle of incidence
F0 of 70
, which is close to the Brewster angle of silicon. All data
were acquired and analyzed using CompleteEASE software10262 | Soft Matter, 2012, 8, 10260–10270version 4.46. To evaluate the refractive index n, dry thickness d
and swollen thickness h of the polymer brush, a multilayer-box-
model consisting of silicon, silicon dioxide, anchoring layer
PGMA, and a polymer brush was assumed. The dispersion
relations for silicon and silicon oxide were taken from the soft-
ware library and the refractive index of PGMAwas set to 1.525.60
For the pure nonabsorbing polymer brush layer, either a Cauchy
relation (n(l)¼ A + B/l2) was used to describe the dependence of
the refractive index on the wavelength, or, in the case of thin films
below 10 nm thickness, the Cauchy parameter were fixed to A ¼
1.485 and B ¼ 0.00486 because of a strong correlation between n
and d in this region of film thickness. For polymer brushes
functionalized with rhodamine B a Gaussian oscillator model
with two oscillators was used to describe the complex dielectric
constants 31 and 32 and thus the optical functions n and k. Each
oscillator is parametrized by the center peak energy (En),
amplitude (An) and broadening (Brn) according to
32ðEÞ ¼ An e


EEn
s
2
 e

EþEn
s
20
@
1
A (1)
and
s ¼ Br
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
lnð2Þp : (2)
After determination of 32, 31 can be expressed by Kramers–
Kronig transformation as
31 ¼ 2
p
P
ðN
Eg
x32ðxÞ
x2  E2 dðxÞ (3)
where P stands for the Cauchy principal part of the integral and x
is the energy. The parameters of 31 and 32 are simultaneously
fitted to minimize MSE by using Levenberg–Marquardt regres-
sion algorithm.61 The real and imaginary parts of the complex
refractive index n and k can be described as
n ¼ [0.5( (312 + 322)0.5 + 31)]0.5, (4)
k ¼ [0.5((312 + 322)0.5  31)]0.5. (5)
The absorption coefficient is proportional to the imaginary
part of the refractive index as a ¼ (4p/l)k.
Swollen brushes were also modeled with the multilayer box
model, since more complex models could not be applied
successfully for these thin brush films. However, complex models
are used for much thicker polymer films in the literature.62,63 For
the monitoring of the temperature-dependent swelling/deswelling
of the polymer brushes, the temperature of the cell was adjusted
by a home-built heating stage equipped with test-Point software
and the actual temperature at the brush surface was controlled.
Heating and cooling cycles for each sample were performed
between 15 and 40 C with a heating/cooling rate of 0.2 C s1,
and up to two cycles were measured.
The volume fraction of water inside the swollen polymer brush
layer was modeled by an effective medium approach (EMA). In
this approach, the effective dielectric function (refractive index n)
of the heterogeneous layer is described on the basis of the knownThis journal is ª The Royal Society of Chemistry 2012
Fig. 1 Synthesis of bifunctional poly(N-isopropylacrylamide) (Alk-
PNiPAAm) via ATRP and subsequent removing of the TMS protecting
group.
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View Article Onlinedispersion relations for n of the two components with varying
individual volume fractions.64 The EMA according to Brugge-
man was used, where the following condition has to be fulfilled:
0 ¼ fH2O
nH2O
2  n2
nH2O
2 þ 2n2 þ fpolymer
npolymer
2  n2
npolymer2 þ 2n2 (6)
Here fH2O and fpolymer are the volume fractions of water and
polymer in the mixed layer, respectively. nH2O, npolymer, and n
represent the dispersion relationships of the refractive index for
water, the dry polymer, and the mixed (swollen) layer. n(l) for
water was taken from the software library. The Bruggeman
approach is based on the assumption of a random mixture of
polymer and water components with volume fractions of the
same magnitude. No host medium can be assigned to one of the
components.
UV/VIS and fluorescence measurements
All spectra were recorded with a Cary6000i spectrophotometer
(Varian, spectral bandwidth: 1 nm, averaging: 0.3 s). Fluores-
cence spectra were measured with a Fluorolog 3 spectrofluo-
rometer (Horiba Jobin Yvon, front face mode, spectral
bandwidth: 3 nm, integration time: 0.2 s). For the measurements
in water, the samples were fitted into a 10 mm standard cuvette
by means of a special clamp.
Results and discussions
Synthesis of bifunctional PNiPAAm
The successful ATRP of NiPAAm with low polydispersity in
N,N0-dimethylformamide (DMF)–water mixtures was first
reported by Masci et al.30 A modified version of their protocol
was used to synthesize bifunctional PNiPAAm with distinct
functional end groups suitable for the attachment to solid
substrates while maintaining the other terminal functionalities
active for subsequent postmodification reactions (e.g. CuAAC).
Fig. 1 displays the reaction sequence for the preparation of bi-
functionalized PNiPAAm. Herein, we used a Cu(I)Cl–Me6T-
REN system with tert-butyl a-bromoisobutyrate (tBBiB) as an
initiator bearing a protected carboxylic group which can effi-
ciently be used in ‘‘grafting-to’’ processes. Through the subse-
quent addition of (trimethylsilyl)propargyl acrylamide (TMS-
PAAm) a protected alkyne functionality was introduced to yield
a bi-functionalized polymer termed pAlk-PNiPAAm. To ensure
that the alkyne groups are located at or near the polymer chain
ends the polymerization was conducted to near-completion
before the addition of the second monomer, leading to only a
small number of TMS-PAAm units at or near the polymer chain
ends. After standard workup procedures the TMS-protecting
group (TMS-PG) was removed with tetrabutyl-ammonium
fluoride (TBAF) and yielded unprotected bi-functionalized
polymer termed as Alk-PNiPAAm. The details of the polymer
analysis of pAlk-PNiPAAm are summarized in Table 1. From
1H-NMR spectroscopy measurements a degree of polymeriza-
tion (DP) of 420 (conv. 85%) was found and thus a theoretical
molar mass of 48 300 g mol1 could be obtained. The 1H-NMR
spectrum (see ESI†) also revealed the successful introduction of
the TMS-protected alkyne functionality due to the proton signal
of the three methyl groups from TMS at d ¼ 0.13 ppm. TheThis journal is ª The Royal Society of Chemistry 2012number of alkyne-containing units (NAlk  3) was calculated
from the integral ratio of the single tertiary proton of the iso-
propyl group in NiPAAm and the nine methyl protons of the
trimethylsilyl group in TMS-PAAm. Even if the number of
alkyne-containingmers could be computed it is not clear whether
they were consecutively added to the chain end or separated by
one or more NiPAAm units. After treatment of pAlk-PNiPAAm
with TBAF no TMS-signal could be detected. Instead, a new
signal with 10-times lower intensity appeared at d ¼ 3.05 ppm,
which corresponds to the proton of the free acetylene group,
indicating again the presence of the alkyne functionality in the
polymer. GPC measurement showed a unimodal and symmet-
rical curve with narrow molecular weight distribution (Mw/Mn¼
1.32), which is a characteristic of ATRP.65 The apparent Mn
values measured by GPCwere about twice as high as expected, as
first observed by M€uller’s group.66
The thermogravimetric analysis (TGA, see ESI†) of the as-
prepared polymers showed a weight loss of 4.3 wt% and 7.2 wt%
up to 120 C for Alk-PNiPAAm and pAlk-PNiPAAm, respec-
tively, which we attribute to the adsorbed water from air
humidity. By further heating until 300 C, no additional weight
loss and thus no degradation process was found. From TGA
measurements it is well known that residual alkyne groups
decompose at around 275 C.67 Due to the very small amount of
alkyne groups in the as-prepared polymers, degradation may
occur at these temperatures but cannot be detected. Decompo-
sition of both polymers started to occur above 300 C, with a
final loss of 98.5 wt% at 450 C. Therefore during the grafting-to
process at 150 C the protected and unprotected alkyne groups in
the PNiPAAm polymer are assumed to remain stable over time
without any degradation.
Preparation of polymer brushes with RhB-N3 via CuAAC
The resulting polymer brush systems were prepared through a
‘‘grafting-to’’ protocol developed in our group. In our studies we
found that PNiPAAm end-functionalized with a tert-butyl pro-
tected carboxylic group can also be used like carboxy-terminated
PNiPAAm for grafting to PGMA modified surfaces. The
successful attachment is believed to occur due to a thermally
induced cleavage of the tert-butoxy group and subsequent reac-
tion of the resulting carboxylic acid with epoxy and/or hydroxy
groups of PGMA during the melt reaction. Further mechanisticSoft Matter, 2012, 8, 10260–10270 | 10263
Table 1 Summarized results of pAlk-PNiPAAm analysis
DPa Mn,th
b (g mol1) Mn,GPC
c (g mol1) Mw/Mn
c NAlk
a Tg (
C)
420 48 300 107 000 1.32 3 143
a From 1H-NMR spectroscopy. b Mn,th¼MInitiator + (DPMNiPAAm) +
(NAlkMTMS-PAAm). c FromGPC in 2% (v/v)H2O–DMAc, 3 g L1 LiCl.
Fig. 2 Influence of the TMS protecting group (TMS-PG) on the layer
thickness and grafting density, respectively, during the ‘‘grafting to’’
process of alkyne modified PNiPAAm as a function of time. Lines are
added to guide the eye.
Fig. 3 Copper catalyzed alkyne–azide cycloaddition (CuAAC) reaction of
(p)Alk-PNiPAAm brushes with azide modified rhodamine B (N3-RhB).
Fig. 4 Experimental data of J and D of an Alk-PNiPAAm brush (s ¼
0.20 nm2) in the dry state before and after CuAAC reaction with N3-
RhB for 17 h.
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View Article Onlinestudies are planned and therefore are not part of this paper. The
analysis of the typical brush parameters (grafting density s and
distance between grafting sites s) was done based on the ellip-
sometric dry layer thickness d using eqn (1)–(3),68 where r is the
density and NA is Avogadro’s number. The literature values for
the density of bulk PNIPAAm range from 1.07 g cm3 to 1.12 g
cm3.69,70 Therefore a density of 1.1 g cm3 was used for
calculations.
GP ¼ dr (7)
s ¼ NAdr
Mn
(8)
s ¼ s1/2 (9)
In Fig. 2 the time dependent evolution of film thickness, and
grafting density in the dry state is shown for pAlk-PNiPAAm
and Alk-PNiPAAm brushes, respectively. As expected, the
density of the chains attached to the surface grows with graftingTable 2 Dry layer parameters (thickness d, surface concentration GP, graftin
Alk-PNiPAAm films for different grafting timesa
Polymer Time (h) d (nm) GP
pAlk-PNiPAAm 0.5 2.9 3.
5 9.3 10.
14 13.1 14.
Alk-PNiPAAm 0.5 2.8 3.
5 11.6 12.
14 15.8 17.
a For the calculations, a density of r ¼ 1.1 g cm3 and a Flory radius of RF
10264 | Soft Matter, 2012, 8, 10260–10270time and approaches values around 0.2 nm2, which are typical
for ‘‘grafting-to’’ brushes.1 Additionally, we observed consistent
reduced grafting densities ( 0.04 nm2) for pAlk-PNiPAAmg density , grafting distance s and the corresponding brush criteria) of (p)
(mg m2) s (nm2) s (nm) s/2RF
2 0.04 5.0 0.22
2 0.13 2.8 0.12
4 0.18 2.4 0.10
1 0.04 5.1 0.23
8 0.16 2.5 0.11
4 0.22 2.1 0.09
¼ 11.25 nm was used.
This journal is ª The Royal Society of Chemistry 2012
Table 3 Best-fit results from the ellipsometric analysis of Alk-PNiPAAm brushes before and after CuAAC with N3-RhB in the dry state and in situ
Alk-PNiPAAm Condition d (nm) neff (750 nm) keff (565 nm) H2O (vol%) MSE
Before CuAAC Dry state 14.42  0.01 1.497 — — 0.390
In situ (15 C) 78.55  0.24 1.359 — 81.9  0.4 0.665
In situ (40 C) 23.04  0.11 1.436 — 36.2  0.3 0.495
After CuAAC Dry state 14.49  0.02 1.515 0.041 — 0.527
In situ (15 C) 70.73  0.08 1.366 0.006 80.4  0.4 0.494
In situ (40 C) 22.32  0.07 1.441 0.024 35.3  0.4 0.409
Fig. 5 (a) Effective index of refraction and extinction coefficient for a
dry N3-RhB@Alk-PNiPAAm brush (s¼ 0.20 nm2, SE) as a function of
wavelength and normalized absorbance and fluorescence spectra (b) of
N3-RhB only and covalent attached to Alk-PNiPAAm brush (UV/VIS),
respectively, are shown.
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View Article Onlinebrushes above a reaction time of 1 h. For shorter reaction times
no significant changes in the layer thickness and grafting density
could be detected. We attribute these differences to the presence
of the bulky TMS-PG near or at the chain ends.
During the ‘‘grafting-to’’ process in melt (T > Tg), we believe
that the polymer chain movements towards the PGMA surface
are continuously hindered for steric reasons, leading to lower
grafting densities. This effect is significant after 1 h because, from
this point, the polymer molecules have to pass through a barrier
of about 3 nm of already attached chains. This implies that,
before one hour of reaction time, the spin-coated polymer chains
with and without TMS-PG follow the same chain dynamics near
the surface. To determine whether the grafted polymers are in the
brush regime, the distance between grafting sites s is compared
to twice the Flory radius RF ¼ a  DP3/5, assuming that water
(T < LCST) is a good solvent for PNIPAM.2 Here, a is the
estimated monomer size (0.3 nm) and DP is the degree of poly-
merization. If s 2RF, then the chains form stretched brushes.71
The values of RF and distances between grafting sites s ¼ s1/2
are summarized in Table 2. With respect to the brush criterion,
which was already applied for PNIPAAm brushes,1 the (p)Alk-
PNIPAAm films prepared with grafting times longer than 30
minutes are in the brush regime below the LCST at good solvent
conditions. The presence and activity of the available alkyne
functions at or near the end of the as-prepared polymer brushes
are verified by the CuAAC reaction with an azide-modified
rhodamine B dye (N3-RhB), which is known for its high
absorption coefficient.72 For this we used a modified CuAAC
protocol,35 as depicted in Fig. 3, which is also applicable for
bioconjugation. Herein, only a very low concentration of copper
(250 mM) was needed to ensure the successful covalent linkage of
the rhodamine dye to the end of the polymer brush systems, as
can be seen later from the ellipsometric and UV/VIS analysis.
L-Ascorbic acid was used as a reducing agent to generate the
active Cu(I) species which was coordinated by the ligand
N,N,N0,N0-tetramethylethane-1,2-diamine (TMEDA) to ensure a
stable catalytic system. This ligand has previously been reported
to promote and enhance Cu-catalyzed transformations73 and has
been successfully used as a bidentate ligand in the coupling of
imidazoles with arylboronic acids.74 After the reaction was
complete, the samples were rinsed with water and stirred in a
50 mM EDTA solution to remove trace amounts of copper.
Unspecifically adsorbed N3-RhB molecules were removed by
rinsing several times with EtOH. Due to the higher solubility of
N3-RhB in EtOH, all non-specific adsorptions could be elimi-
nated. Interestingly we found ‘‘click-activity’’ for both polymer
brush systems (Alk-PNiPAAm and (p)Alk-PNiPAAm) and were
surprised about this result, as it is well known that the CuAAC
reaction works only with terminal alkynes.35 The explanation forThis journal is ª The Royal Society of Chemistry 2012this is given by the high temperature used for the preparation of
the polymer brushes. At 150 C degradation of about 60% of
the TMS-groups in the polymer occurred, as it was proved by
1H-NMR spectroscopy (see ESI†), while the amount of the
cleaved TMS-groups was too low to be detected with TGA. This
degradation process led to unprotected alkyne functionalities,
which could be used for the CuAAC reaction with N3-RhB.Analysis of N3-RhB modified PNiPAAm brushes in dry state
The physico-chemical properties of the as-prepared N3-RhB
modified PNiPAAm brush films in both the dry state and in situ
are investigated by means of SE and UV/VIS measurements.
Prior to the discussion we want to emphasize the meaning of the
optical constants keff (effective extinction coefficient) and neff
(effective index of refraction), which are used in this paper. They
are labeled as effective because they describe the optical prop-
erties of the complete thin film and not of a single component, forSoft Matter, 2012, 8, 10260–10270 | 10265
Fig. 6 Time dependent CuAAC reaction of N3-RhB with pAlk-PNi-
PAAm brushes (s ¼ 0.16 nm2): normalized absorbance (FS-substrates,
UV/VIS), normalized extinction coefficient (Si-substrates, SE), and cor-
responding dye to polymer molar ratio (SE), respectively, measured in the
dry state. Lines are added to guide the eye.
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View Article Onlinee.g. the rhodamine dye. Generally the latter is characterized by its
molar extinction coefficient 3m, which can be obtained from UV/
VIS measurements and is referred to in Beer’s law as a constant.
However the extinction coefficient k and index of refraction n
obtained from SE measurements depend on the characteristics of
the thin film and its conditions. So changes in the environment or
constitution can affect the film properties and thus lead to
changes in n and k even if the amount of the dye in the layer is
constant. This remark is very important for the analysis of the
swelling dynamics which will be discussed at the end of this
section.
In Fig. 4 the experimental ellipsometric data (a), and changes
in D and J (b) of an Alk-PNiPAAm brush (s ¼ 0.20 nm2) are
compared before and after functionalisation with N3-RhB via
CuAAC for 17 h. Between 450 and 600 nm two absorption bands
were detected with a maximum change of (1.102  0.019) at
588 nm for D and (0.241  0.003) at 557 nm for J, which are
characteristic for the p–p* electron transitions in N3-RhB dye.
From these bare experimental data it can be seen that SE shows aFig. 7 Experimental data (J and D) from in situ ellipsometry of Alk-
PNiPAAm brushes (s¼ 0.20 nm2) before (dark grey) and after CuAAC
reaction with N3-RhB at 15 C (blue) and 40 C (red), respectively. The
solid lines represent the best-fit results of the Gaussian oscillator model.
10266 | Soft Matter, 2012, 8, 10260–10270high accuracy for the measured D and J and is sensitive enough
to detect very small amounts of this dye, which absorbs in the
visible spectral range. In the next step we applied a Gaussian
oscillator model with two oscillators to fit the experimental data
and to obtain the layer thickness and optical properties of the
N3-RhB-modified PNiPAAm brush film in the dry state. A
similar approach was used by Burns et al. to study the thermo-
chromism in an ultrathin poly(diacetylene) film75 and thus shows
the applicability of this ellipsometry model for the analysis of
thin organic films with absorbing features in the UV/VIS region.
The corresponding curves from the oscillator model are depicted
in Fig. 4(b) and fit very well to the experimental data (MSE ¼
0.477). The best-fit results for a rhodamine B-modified Alk-
PNiPAAm brush (s ¼ 0.20 nm2) in the dry state are summa-
rized in Table 3 and the resulting neff and keff as a function of
wavelength are shown in Fig. 5(a). The wavelength-dependent
keff obtained from SE shows a maximum absorption peak at
564 nm (keff,max ¼ 0.041) with the characteristic band shape for
the p-electron transitions in the N3-RhB dye.
The neff of the N3-RhB modified polymer brush shows
Kramers–Kronig consistency over the whole measured spectral
range. Even the shoulder peak at 530 nm, which is resolved in
the experimental data, could be modeled, indicating the very
good applicability of the oscillator model.
To validate these results UV/VIS measurements of N3-RhB-
modified PNiPAAm brushes prepared on fused silica substrates
were carried out. They were compared to the SE data, but also to
the absorbance and fluorescence spectra of the modifiedFig. 8 Effective index of refraction (a) and effective extinction coeffi-
cient (b) for the N3-RhB@Alk-PNiPAAm brush (s ¼ 0.20 nm2, SE) in
the dry state and in situ for different temperatures, respectively, as a
function of wavelength.
This journal is ª The Royal Society of Chemistry 2012
Fig. 9 Swollen brush thickness and effective refractive index at l ¼
750 nm of an Alk-PNiPAAm brush (s¼ 0.20 nm2) before (black, closed
symbols) and after (red, open symbols) CuAAC reaction with N3-RhB as
a function of temperature. The evaluated data displayed are for the
second cooling cycle.
Fig. 10 Percentage of water content in the brush film and effective
extinction coefficient at l ¼ 565 nm of an Alk-PNiPAAm brush (s ¼
0.20 nm2) before (black, closed symbols) and after (red, open symbols)
CuAAC reaction with N3-RhB as a function of temperature. The eval-
uated data displayed are for the second cooling cycle.
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View Article Onlinerhodamine dye only in water [Fig. 5(b)]. A maximum absorption
peak of 560 nm was found for the pure dye in solution, while
attached to the PNiPAAm brushes it was shifted to a value of
565 nm, similar to the results obtained fromSEmeasurement. The
fluorescence peak [Fig. 5(b)] of N3-RhB only in water showed a
maximum at 580.8 nm, while attached to the PNiPAAm brushes
again a shift of5 nm (to 586 nm) was found.We believe that this
red-shift of 5 nm is an effect of the changed polarity of the
environment due to the attendant amide groups of the polymer
brush. Similar effects could be observed for rhodamine B inN,N-
dimethylacetamide and bonded to poly(methacrylic acid) leading
to a red shift of 5 and 9 nm, respectively.76 Specifically we attribute
these interactions to N–H–p hydrogen bonding between the
amide groups of the brush and the aromatic residues of the
rhodamine dye. These known attractive amide–p interactions77
are weakly polar and have been identified to play a role in protein
structures78 and enzyme–ligand binding.79
They have been established through data-mining studies of
protein crystal structures,78 but also 1H-NMR spectroscopy has
been used to identify Ar–HN interactions.80,81 As can be seen
later in the text, we also observed changes in the swelling prop-
erties of the dye-modified polymer brushes and attribute them to
these interactions too.
Fig. 6 shows the time dependence of the CuAAC reaction
monitored via SE and UV/VIS measurements. For comparison,
the intensities obtained from both methods were normalized by
dividing by the maximum value. From here it can be seen that the
reaction proceeded very quickly and reached a plateau after 5 h.
With both techniques, almost identical kinetic behaviour of the
CuAAC reaction could be observed, which demonstrates the
applicability of SE to monitor such reactions. To have a more
detailed view on the covalent linkage of N3-RhB to the brush
ends, the molar ratio of dye to polymer was calculated using a
calibration curve (see ESI†). For this purpose, polymer solutions
with varying dye concentrations were prepared, spincoated on a
PGMA-modified silicon substrate for two series and afterwards
analysed by SE (see ESI†).
From NMR analysis, 3 alkyne groups per chain were found
which means a maximum ratio of 3 can be reached for theThis journal is ª The Royal Society of Chemistry 2012CuAAC reaction of N3-RhB with alkyne modified PNiPAAm
brushes. Concerning that 60% of the TMS-protected alkyne
groups were cleaved during the ‘‘grafting to’’ step, 1.8 free
alkyne functionalities should be present in the pAlk-PNiPAAm
brushes. From Fig. 6 it can be seen that a maximum ratio of1.4
is achieved for pAlk-PNiPAAm brushes with a grafting density
of 0.16 nm2, which corresponds to a click efficiency of 78%. It
also means that every polymer brush should be functionalized at
least with one rhodamine molecule. Amolar dye to brush ratio of
1 is already reached after 0.5 h, but does not imply that
exactly one dye is attached to one brush. Therefore a minimum
reaction time of 5 h should be used to reach a saturated brush
surface under these conditions.Swelling dynamics studied by in situ SE
After the successful functionalization of the Alk-PNiPAAm
brushes with N3-RhB, we analyzed the temperature-dependent
swelling characteristics of the system by SE. For this, we per-
formed two heating–cooling cycles from 15 C to 40 Cwith steps
of 0.5 C and applied the oscillator model in combination with an
effective medium approach to determine the swollen brush
thickness, the optical constants and the water content inside the
brush. In Fig. 7, the experimental J and D values and the cor-
responding curves from the applied model for a dye-modified
polymer brush (s¼ 0.20 nm2) are depicted for 15 C and 40 C,
respectively. According to the experimental data from the dry
state sample again one can see clearly the absorption band of the
N3-RhB dye whereas in situ (at both temperatures) the magni-
tude of Delta and Psi in the absorption region increased by a
factor of 7 for D (7.187  0.102) and of 2 forJ (0.512 
0.005). But this amplification in the in situ state is only caused by
the changed ambient (from air to water), which influences the
properties of the reflected, polarized light. To check this,
assumption values of D and J of the dry N3-RhB@Alk-PNi-
PAAm brushes were simulated for different ambients (nambient ¼
1.00–1.33, see ESI†) and verified this hypothesis. However, this
enhanced contrast may be used to study interaction processes atSoft Matter, 2012, 8, 10260–10270 | 10267
Fig. 11 Decrease of the swollen polymer brush thickness due to proposed N–H–p hydrogen bonding of the amide groups of the polymer brush with the
aromatic residues of attached N3-RhB.
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View Article Onlinethe water–brush–dye interface with molecules or nanoparticles
under aqueous conditions and thus exhibits high potential as a
sensor system. A similar effect was used by Garcia and Nejadnik
to increase the sensitivity of ellipsometric measurements in
adsorption studies.82 Herein, they used a Coomassie brilliant
blue G dye, which reacted with adsorbed proteins on a SiO2
substrate and enhanced the sensitivity by a factor of 2.5 in the
subsequent analysis by SE. The wavelength-dependent neff and
keff at different temperatures in the in situ state are shown in
Fig. 8(a) and (b), respectively. From Fig. 8(b) it can be seen that
the characteristic absorption band of the N3-RhB dye could be
successfully extracted from the used SE model. For all temper-
atures a peak position of 565 nm was found, which is consistent
with results obtained from UV/VIS measurements [Fig. 5(b)].
Additionally, from Fig. 8(b), it can be seen that the magnitude of
keff changes with temperature but never reaches the dry state
value of 0.041. In the swollen state at temperatures below the
LCST, an effective extinction coefficient of 0.006 (T¼ 15.4 C) is
found whereas with elevated temperatures keff increases up to
0.024 (T ¼ 35.9 C). To understand this effect, as noted before, it
is important to distinguish between the optical properties of the
complete thin film and the dye itself.
The concentration of N3-RhB was constant at any time
during these temperature dependent measurements, but the
swelling dynamics of the polymer brush changed, leading to
different optical properties of this thin film system as measured
by SE. In Fig. 9 the swollen brush thickness and the effective
index of refraction of an Alk-PNiPAAm brush with N3-RhB
are shown as a function of temperature before and after func-
tionalization, respectively. Under both conditions a LCST of
31 C was found (see ESI†). For the unmodified polymer brush,
a swollen (T ¼ 15 C) film thickness of 78.6 nm with neff ¼ 1.359
was measured, while in the collapsed state (T ¼ 40 C) a film
thickness of 23 nm with neff ¼ 1.436 was obtained. After the
CuAAC reaction with N3-RhB the swollen brush thickness
decreased by 10% to 70.7 nm with neff ¼ 1.366. No significant
changes in the collapsed film thickness (h ¼ 23 nm) and effective
refractive index (neff ¼ 1.441) of the N3-RhB-modified polymer
brush were found after passing the LCST. From the Brugge-
man-EMA, the water content in the brush film was calculated10268 | Soft Matter, 2012, 8, 10260–10270and is depicted in Fig. 10 in addition to the effective extinction
coefficient as a function of temperature.
This figure explains the varying keff values for the different
temperatures. For the extraction of information from thedynamic
polymer brush system a SE box-model is used, which consists of
three components: polymer, dye andwater.Given thatwater is the
only varying component during swelling and collapsing of the
brush system, the overall optical properties of the thin film
explicitly depend on the volume fraction of H2O. As a conse-
quence of a high water content of 82 vol% in the polymer brush in
the swollen state (T¼ 15 C), the optical constants neff and keff of
the film must change to lower values. And vice versa with
increasing temperature (T > LCST) those values should increase,
as can be seen from Fig. 9 and 10, respectively. The calculated
water content decreased by 1.5 vol% after the CuAAC reaction
below the LCST, whereas in the collapsed state, in addition to the
measured h and neff (Fig. 9), no significant changes occurred. The
reduction of the water content is connected to the reduced swollen
brush thickness (10%), which is thought to be the consequence
of possible N–H–p hydrogen bonding of the polymer brush with
the N3-RhB dye, as mentioned before in the text and depicted in
Fig. 11. The proposed interactions are possible due to the quad-
rupole–dipole nature of the aromatic p-system77 of the dye. The
strength of this interaction in a vacuum (1–4 kcal mol1) is
comparable with that of a conventional hydrogen bond (2–7 kcal
mol1).77 Therefore, we assumed this N–H–p hydrogen bonding
will break during the heating–cooling cycles and be replaced by
hydrogen bonding with water molecules. But for both cycles the
same heating and cooling curves were measured and no recovery
of the original thickness was observed (see ESI†). So we also
assume contributions from sterical effects. Specifically, the dye
molecule is thought to be in a fixed state inside the brush, which
leads to a conformational barrier of the polymer brush and thus to
a hindered mobility in the region with the N3-RhB dye. We
assume this region to be near the end of the stretched polymer
chains, while the behavior of the residual part of the brush is
similar to the unmodified state. This is supported by the same
trend of the heating–cooling curves of the modified and unmod-
ified Alk-PNiPAAm system, respectively. During heating (up to
31 C) the difference in the swollen film thickness is constant andThis journal is ª The Royal Society of Chemistry 2012
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View Article Onlinedisappears after passing theLCST (Fig. 9) and appears again after
passing 31 C during the cooling step. In the collapsed brush
regime (more hydrophobic), theN3-RhBmolecules are embedded
well in or between the chains and no significant changes could be
observed.Conclusions
In this work, the preparation and ellipsometric analysis of the
swelling dynamics of a new temperature responsive polymer
brush system with ‘‘click’’-functionality is presented for the first
time. For this ATRP was used to synthesize bi-functionalized
poly(N-isopropylacrylamide) with one chain end used for the
‘‘grafting to’’ approach while the other free end remains active for
postmodification reactions via ‘‘click’’ chemistry. Afterwards, the
synthesized PNiPAAm was characterized using 1H-NMR spec-
troscopy, GPC, TGA and DSC. The presence of alkyne groups
in the polymer was confirmed by 1H-NMR spectroscopy and
calculated to be 3 per polymer chain. Using the grafting-to
approach, well-defined brush films with a smooth surface were
obtained, while maintaining the alkyne functionality active for
postmodification reactions via CuAAC. Furthermore, it was
shown that the TMS-residue from the protected alkyne group
affected the grafting-to behavior of the PNiPAAM chains for
sterical reasons and led to lower grafting densities in comparison
with unprotected ones. The availability and activity of the alkyne
groups in the PNiPAAm brush was proven by the CuAAC
reaction with an azide-modified rhodamine B dye and subse-
quent analysis by SE and UV/VIS spectroscopy. Measurements
by SE were sensitive enough to detect very small amounts of
rhodamine B. The optical properties and thicknesses of the dye-
modified polymer brush films could be extracted using a
Gaussian oscillator model and agreed well with the data from
UV/VIS measurements. A red shift of 5 nm was found for the
absorption peak of the attached rhodamine dye in dry state and
in situ. We attribute this shift to weakly polar N–H–p hydrogen
bonding between the amide groups of the brush and the aromatic
residues of the dye. Below the LCST, a reduction of the swollen
brush thickness and water content inside the brush was observed
whereas in the collapsed state no significant changes were seen.
This observation was reproducible and led to the hypothesis of a
second effect originated by a conformational barrier near the end
of the polymer chains due to fixed dye molecules in this region,
leading to hindered mobility and different swelling dynamics.
In this work we used an azide-modified rhodamine dye to
prove the functionality of this new polymer brush system. But the
dye can also be replaced by other azide-functionalized compo-
nents, like macromolecules, proteins or nanoparticles via a
CuAAC reaction, which implies the modular character of the
new polymer brush system presented in this work. Thus, it offers
high potential for diverse future applications, such as a sensor
system to study interfacial processes or as a smart surface to
control bioadhesion.Acknowledgements
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